Type VI secretion systems (T6SSs) contribute to interactions of bacterial pathogens and symbionts with their hosts. Previously, we showed that Pseudomonas aeruginosa T6S is posttranslationally activated upon phosphorylation of Fha1, an FHA domain protein, by PpkA, a membrane-spanning threonine kinase. Herein, additional structural, enzymatic and genetic requirements for PpkA-catalysed T6SS activation are identified. We found that PpkA plays an essential structural role in the T6SS, and that this role is intimately linked to its ability to promote secretion and phosphorylate Fha1. Protein localization and protein-protein interaction studies show that a complex containing Fha1 and the T6S ATPase, ClpV1 is recruited to the T6S apparatus in a phosphorylation-dependent manner. The mechanism of PpkA activation was also investigated. We identified critical PpkA autophosphorylation sites and showed that small molecule-induced dimerization of the extracellular domains of PpkA is sufficient to activate the T6SS. Finally, we discovered TagR, a component of the T6S posttranslational regulatory pathway that functions upstream of PpkA to promote kinase activity. We present a model whereby an unknown cue causes dimerization of the extracellular domains of PpkA, leading to its autophosphorylation, recruitment of the Fha1-ClpV1 complex, phosphorylation of Fha1, and T6SS activation. Our findings should facilitate approaches for identifying physiological activators of T6S.
Introduction
Pseudomonas aeruginosa is a versatile Gram-negative opportunistic pathogen. The ability of this organism to draw upon diverse factors from its large genome allows it to effectively colonize and cause disease in a wide array of organisms, including humans (Stover et al., 2000) . Depending on the state of its host, P. aeruginosa infection can proceed in either an acute or chronic course. An example of chronic P. aeruginosa infection of humans is found in the lungs of individuals with cystic fibrosis (CF). These patients typically battle a series of infections early in life, which become chronic in nearly all adult CF patients (Govan and Deretic, 1996; Burns et al., 2001) . Although a number of explanations have been put forth, it remains unclear precisely why the CF lung is so well suited for colonization and proliferation of P. aeruginosa (Murray et al., 2007) . Clearly, the result of this complex interaction is dictated by the interplay of a number of host and bacterial factors. Some pathways in P. aeruginosa that have been implicated in chronic infection fitness include biofilm formation (Lam et al., 1980; Singh et al., 2000; Parsek and Greenberg, 2005) , quorum sensing (Smith and Iglewski, 2003; Schuster and Greenberg, 2006; Willcox et al., 2008) , alginate production (May et al., 1991) , and recently, type VI secretion (T6S; Potvin et al., 2003; Goodman et al., 2004; Mougous et al., 2006; .
T6S systems (T6SSs) are widely present among Gramnegative proteobacteria, where they have been reported to participate in numerous processes including biofilm formation, symbiont host range determination, and acute and chronic infection (Yahr, 2006; Bingle et al., 2008; Cascales, 2008; Filloux et al., 2008) . In general, the mechanism(s) of action of T6S in these phenotypes is unknown. This lack of understanding stems in part from the dearth of known T6S substrates. So far, the release of just two proteins to the extracellular milieu, haemolysin co-regulated protein (Hcp) and valine-glycine repeat protein G (VgrG), has been attributed to most studied T6SSs. Several lines of evidence, including the X-ray crystallographic structure of Hcp1 from P. aeruginosa and its similarity to phage tail proteins (Mougous et al., 2006; Pell et al., 2009) , the crystal structure of an Escherichia coli VgrG homologue (Leiman et al., 2009) , and the observation that Hcp and VgrG homologues are co-dependent for secretion (Pukatzki et al., 2006; Zheng and Leung, 2007) , suggest that these proteins may be extracellular T6 structural components rather than classically defined secreted substrates. VgrG1 from Vibrio cholerae gains access to host cell cytoplasm, where it promotes cell rounding and cytoxicity via a C-terminal appended domain with actin cross-linking activity (Pukatzki et al., 2007; Ma et al., 2009) .
T6S may play an important role in the chronic colonization of CF patient lungs by P. aeruginosa and Burkholderia cenocepacia (Mougous et al., 2006; Aubert et al., 2008) . Several T6S genes were identified in independent signature tagged mutagenesis studies of these organisms using chronic lung infection models (Potvin et al., 2003; Hunt et al., 2004) . Although the genome of P. aeruginosa encodes three apparently complete T6SSs at three unlinked loci termed Hcp secretion islands (HSIs), only one of these, HSI-I, has been implicated in virulence. Subsequent characterization of this locus has provided additional evidence that it may be important in chronic P. aeruginosa infections. For instance, HSI-I is coregulated by the Gac/Rsm signalling pathway with other chronic virulence determinants such as the exopolysaccharide loci pel and psl (Goodman et al., 2004) . This pathway appears to coordinate reciprocal expression of genes involved in acute and chronic virulence in P. aeruginosa. Hcp1, a protein secreted by the HSI-Iencoded T6SS (H1-T6SS), can be detected in the sputum of CF patients infected with P. aeruginosa, and serum antibody titres against Hcp1 are high in chronically infected patients (Mougous et al., 2006) .
Regulation of the H1-T6SS is complex; the system is stringently regulated posttranscriptionally by the Gac/ Rsm pathway and posttranslationally by threonine phosphorylation (Goodman et al., 2004; Mougous et al., 2006; . Previously, we identified three H1-T6SS proteins that participate in the posttranslational regulation of the secretion system. These proteins include PpkA, a type II membrane-spanning Hanks-type threonine kinase, PppA, a PP2C family protein phosphatase, and Fha1, a protein containing a Forkhead-associated (FHA) domain (Motley and Lory, 1999; Pallen et al., 2002) . We showed that PpkA-catalysed phosphorylation of Fha1 at Thr362, a process antagonized by PppA, initiates triggering of the H1-T6SS (Mougous et al., 2007) . Phosphorylation of Fha1 was found to be highly dependent on conserved residues located in the FHA domain of Fha1 that are known to contact phospho-thr or phospho-ser residues in the activation loops of autophosphorylated kinases.
In the current study, we sought to further define the molecular determinants of H1-T6SS activation. We found that the extracellular domains of PpkA are dispensible for Fha1 phosphorylation and Hcp1 secretion. Next, fluorescent fusion proteins to the T6S ATPase, ClpV1, and Fha1 were used to demonstrate that PpkA function is tightly linked to its ability to promote structural integrity of the secretion system. Also, we used fluorescence microscopy (FM) and tandem affinity purification (TAP) to show that ClpV1 and Fha1 reside in a stable complex that is recruited to the H1-T6S apparatus upon PpkA activation. The function of the extracellular domains of PpkA was probed using small molecule-induced dimerization. This method provided evidence that these domains of PpkA have the capacity to transmit extracellular binding events into H1-T6SS activation. A requisite for this activation was identified as autophosphorylation of PpkA at two sites, Thr158 and Thr161. Finally, we identified a protein, termed TagR, which serves as an additional modulator of the H1-T6SS posttranslational regulatory pathway. We showed that TagR acts upstream of PpkA to regulate Fha1 phosphorylation and Hcp1 secretion. We speculate that TagR may function as a PpkA co-receptor for the activation signal of the secretion system. Based on these data, we present a revised model for the mechanism of H1-T6SS activation.
Results

The extracellular portion of PpkA is dispensable for Hcp1 secretion and Fha1 phosphorylation
PpkA is a large (110 kDa), membrane-spanning protein that plays multiple roles in the H1-T6SS (Fig. 1A ) (Mougous et al., 2007) . The absence of PpkA blocks Hcp1 secretion and Fha1 phosphorylation, and it causes disruption of the structural integrity of the secretion system. To improve our understanding of the properties of this central component of the H1-T6S posttranslational activation pathway, we dissected the domains of PpkA and assayed their contribution to individual functions of the enzyme. Sites for PpkA truncation were chosen based on BLAST analysis, multiple sequence alignments of the protein with other T6S kinases (data not shown), and earlier studies of the protein. In accordance with the findings of others, we identified an N-terminal cytoplasmic kinase domain (residues 1-281), a proline-rich domain (residues 282-353), a transmembrane domain (residues 355-375), and a C-terminal periplasmic domain with homology to von Willebrand Factor A (VWA; residues 613-803; Fig. 1A ) (Motley and Lory, 1999; Whittaker and Hynes, 2002; Zeng, 2004) .
Full-length PpkA and PpkA truncations were ectopically expressed as N-terminal fusions to the VSV-G epitope in P. aeruginosa DpppA DppkA hcp1-V (see Experimental procedures) . In this strain, the capacity of the proteins to complement the Hcp1 secretion defect of DppkA could be readily ascertained. The pppA mutation locks the H1-T6SS into a constitutively triggered state, where Hcp1 is actively secreted into the supernatant in a PpkAdependent manner (Mougous et al., 2007) . A chromosomal in-frame translational fusion of hcp1 to a DNA sequence encoding the VSV-G epitope is also included in this strain. Previously we showed that this fusion does not interfere with Hcp1 secretion, or regulation by PpkA and PppA (Mougous et al., 2006; . Note that in these studies, we refer to the presence of Hcp1 in culture supernatants as secretion. However, as stated in the preceding section, it remains unclear whether Hcp1 is a structural component or a secreted substrate of the system. Nonetheless, the extracellular release of this protein is a strong indicator of T6S activation that has been born out by numerous biochemical and genetic studies (Dudley et al., 2006; Pukatzki et al., 2006; Schell et al., 2007; Suarez et al., 2007; Zheng and Leung, 2007; Aubert et al., 2008; Wu et al., 2008) .
As expected, the deletion of ppkA in DpppA hcp1-V abrogated Hcp1-V secretion (Fig. 1B) . Importantly, this defect was complemented by expression of full-length PpkA. Complementation required the catalytic activity of the enzyme, because a ppkA allele encoding a protein containing a conservative amino acid substitution in a critical catalytic residue (D129N) was not able to return Hcp1 secretion (Fig. 1B) . Not surprisingly, constructs lacking the kinase domain altogether were also not able to promote Hcp1 secretion (C264 and C344). Interestingly, the N-terminal 406 residues of PpkA (N406), but not the first 355 residues (N355), were able to complement the DppkA Hcp1 secretion defect (Fig. 1B) . Amino acids 357-373 of PpkA encode a transmembrane helix (Zeng, 2004) , therefore membrane anchoring of N406 is likely to account for the major difference in activity between these two constructs. We noted that the N355 protein reproducibly appeared as a doublet of bands in our assays. This may be due to proteolysis, an alternative initiation codon, or a combination of these factors. Importantly, full-length N355 protein is present at levels comparable to N406.
Membrane anchoring restricts proteins to two dimensions and increases their effective concentration, which can promote autophosphorylation. As discussed in detail below, autophosphorylation of PpkA is required for its function. Using a-phosphothreonine (a-p-Thr) Western blotting, we ruled out blunted autophosphorylation as a cause for the absence of activity in PpkA truncations lacking the transmembrane domain (Fig. 1C) . We also ruled out expression level differences of the constructs as a potential confounding factor in this experiment (Fig. 1B) .
Our prior work has shown that PpkA-catalysed phosphorylation of Fha1 at T362 is essential for Hcp1 secretion. This reaction is efficiently catalysed in vitro by the kinase domain of PpkA (Mougous et al., 2007) . The finding that the same domain of PpkA is not sufficient for complementing the Hcp1 secretion defect of DppkA prompted us to test the in vivo Fha1 phosphorylation activity of each PpkA truncation. To measure Fha1 phosphorylation, we introduced our panel of PpkA expression constructs into DretS DppkA fha1-V. In this genetic background, phosphorylated Fha1 (p-Fha1) can be assayed by virtue of its retarded SDS-PAGE mobility. The DretS background is used to obtain maximal levels of constitutive PpkA-dependent Fha1 phosphorylation. As previously demonstrated, p-Fha1 was present in DretS fha1-V, and the presence of this species depended on ppkA (Fig. 1D) . As a control, a deletion in pppA was introduced into DretS fha1-V. As this strain lacks PpkA-antagonistic phosphatase activity, Fha1 becomes hyperphosphorylated and is observed as higher apparent molecular mass species (Fig. 1D ). Next, we determined which PpkA truncations had the capacity to complement the Fha1 phosphorylation defect of DppkA. Interestingly, we observed a direct correlation between activity in this assay and activity in the Hcp1 secretion complementation experiment described above; only wild-type ppkA and the N406 allele possessed the ability to generate p-Fha1 (Fig. 1D ). Based on these data, we conclude that productive interaction of PpkA and Fha1 requires membrane anchoring of PpkA in addition to the catalytic activity of the enzyme. Furthermore, our results suggest that the extracellular domains of PpkA are not required for these basic functions of the protein.
PpkA function is tightly linked to structural integrity of the H1-T6SS
Fluorescent fusion protein experiments have proven useful for understanding the localization properties of H1-T6SS proteins. These studies provided evidence for a distinct subcellular assembly that constitutes the H1-T6S apparatus (Mougous et al., 2006; . Two fusion proteins, ClpV1-GFP and Fha1-mCherry (Fha1-mC), were shown by FM to colocalize to the secretory apparatus. The presence of other proteins, including TssM1 (see Fig. S1 for a description of updated HSI nomenclature), Hcp1, and PpkA, was inferred by their influence on ClpV1 localization. We hypothesized that the requirement for PpkA domains outside of its catalytic domain could reflect their role in maintaining structure of the H1-T6S apparatus.
To determine whether the function of PpkA truncations was linked to H1-T6S apparatus assembly, we measured the effect of their expression on ClpV1 localization. The N406 expression construct and positive (PpkA) and negative control (N281) vectors were introduced into DretS DppkA clpV1-gfp. Consistent with earlier data, punctate localization of ClpV1-GFP in DppkA was disrupted and the protein was distributed diffusely throughout the cell relative to the parental strain ( Fig. 2A) . Expression of full-length PpkA and N406 led to a return of ClpV1-GFP punctae resembling the parental strain, whereas expression of N281 had no significant effect ( Fig. 2A and B) . Blinded quantification of ClpV1-GFP foci using randomly selected FM fields from each of these strains provided support for these observations (Fig. 2B) . Additionally, flow cytometric analysis of total GFP levels in these cells showed that the effect was specific to localization and was not the result of overall lower levels of ClpV1-GFP (Fig. S2) .
Given the shared biochemical pathway of PpkA and Fha1, we postulated that a likely structural role of PpkA could be to recruit Fha1 to the H1-T6S apparatus. In this scenario, the ClpV1 localization defect of DppkA might be indirectly mediated through a loss of Fha1 recruitment. Indeed, our prior work suggests such a hierarchy; we found that fha1 is required for proper ClpV1 localization; however, clpV1 is not required for proper Fha1 localization (Mougous et al., 2007) . To test the influence of PpkA on the localization properties of Fha1, we used FM to compare Fha1-mC localization in the presence and absence of PpkA. Physiologic regulation of the fusion protein was achieved by generating a chromosomally encoded Fha1-mC fusion at the native fha1 locus in DretS (DretS fha1-mC). Interestingly, the absence of PpkA resulted in a dramatic loss of punctate Fha1-mC localization (Fig. 2C) . Next, we asked whether the PpkA domain requirements for Fha1 localization mirror those required for ClpV1. Again we found that PpkA and N406, but not N281, were able to complement the Fha1-mC localization defect of DppkA ( Fig. 2C and D) . Blinded quantitative analysis of randomly selected FM fields was used to confirm these observations (Fig. 2D) . These data support the hypothesis that N406 function is linked to essential structural roles played by the cytoplasmic and transmembrane domains of PpkA. This structural role appears to include the recruitment of Fha1 to the H1-T6S apparatus.
Fha1 resides in a stable complex with ClpV1
Matching PpkA domain requirements for Fha1 and ClpV1 recruitment to the H1-T6S apparatus led us to posit that these proteins reside in a single protein complex. We previously demonstrated that ClpV1 is strongly recruited to the apparatus when Fha1 becomes hyper-phosphorylated (in a strain lacking pppA) (Mougous et al., 2007) ; however, Fha1 localization was not analysed under these conditions. To obtain further evidence of Fha1 and ClpV1 association, we investigated whether these proteins colocalize in this highly activated state of the secretion system.
To gauge Fha1 and ClpV1 colocalization, we generated a strain in the DretS background carrying chromosomal in-frame translational fusions of DNA encoding mCherry and GFP to fha1 and clpV1 respectively (DretS fha1-mC clpV1-gfp). Consistent with our prior observations, Fha1-mC and ClpV1-GFP were found to colocalize to approximately one to three discrete foci within each cell (Fig. 3A) (Mougous et al., 2007) . Introduction of the pppA deletion confirmed our earlier report that the PpkA-antagonistic activity of the phosphatase negatively TMA-DPH is a lipophilic dye that allows visualization of the bacterial membrane. *P < 0.05; **P < 0.005. C and D. Same as A and B, respectively, with DretS fha1-mC as the parental strain.
regulates ClpV1-GFP recruitment to the T6S apparatus. The effect of DpppA on Fha1-mC recruitment was dramatic (Fig. 3A) ; average fluorescence intensity of Fha1-mC foci in DpppA was twofold that of the parental strain (Fig. 3B ). Fha1-mC and ClpV1-GFP foci remained colocalized under these extreme conditions (Fha1 hyperphosphorylation), indicating that Fha1 and ClpV1 localization is altered in a concerted fashion when the H1-T6SS progresses from the resting to activated state (Fig. 3A) . Next, we probed for a physical interaction between ClpV1 and Fha1 using TAP. Following the method of Dove and colleagues, we used a non-replicating vector and homologous recombination to generate a strain expressing a C-terminal fusion of ClpV1 to the TAP tag (ClpV1- TAP) at the native clpV1 locus . Analysis of Hcp1 secretion in this strain showed that neither the function of ClpV1 nor other essential H1-T6S components was disrupted (Fig. 3C) . To assess the contribution of PpkA to ClpV1-TAP interactions, we introduced a deletion of ppkA into this strain and performed TAPs in both the presence and absence of ectopically expressed PpkA. Western blot analysis of TAP eluents showed that Fha1 co-purified specifically with ClpV1-TAP (Fig. 3D) . The association of these proteins did not strictly require PpkA, though the kinase reproducibly enhanced association. These data are consistent with our FM results and lead us to a model whereby ClpV1, and possibly other key H1-T6S components, are in complex with Fha1. Phosphorylation of Fha1 by PpkA recruits this complex to putative membrane-bound and periplasmic components of the apparatus.
PpkA autophosphorylation and dimerization contribute to triggering the H1-T6SS
The extracellular portions of many transmembrane kinases bind to a ligand and multimerize, which activates their cytoplasmic catalytic domain via autophosphorylation (Johnson et al., 1996; Hubbard, 1999; Schlessinger, 2000) . Previously, we hypothesized that PpkA could act in an analogous manner to stimulate the H1-T6SS. Early experimental support for this hypothesis was provided by our observation that substitutions in conserved phosphoser/thr-interacting residues found in the FHA-domain of Fha1 cause a significant decrease in Hcp1 secretion (Mougous et al., 2007) . Our finding that the extracellular domains of PpkA are not essential when the protein is ectopically expressed is also consistent with this hypothesis (Fig. 1) . It is likely that PpkA activation is artificially induced by increased effective concentration, an effect well documented for similar kinases (Udo et al., 1995; Greenstein et al., 2007) . Furthermore, the strain used in our truncation complementation studies lacks the antagonistic activity of PppA, thereby potentiating low-level activation.
Prior work has shown that PpkA is capable of autophosphorylation (Motley and Lory, 1999) . The sites of phosphorylation, and the relevance to the activity of the enzyme, however, were not investigated. To test whether autophosphorylation of PpkA is important for T6S activation, we generated alanine substitutions at predicted sites of autophosphorylation within the activation loop of PpkA. Based on the conserved mechanism of Hanks-type kinases and the similarity of PpkA to a number of kinases that have had autophosphorylation sites determined experimentally, there was little ambiguity in these assignments (Fig. 4A) . Three PpkA alleles, coding for PpkA-T158A, PpkA-T161A, and the double substitution mutant, were generated and introduced with the native enzyme into DpppA DppkA hcp1-V. Western blotting with a-p-Thr antibody was used to monitor levels of phosphorylated PpkA (p-PpkA) in the resulting strains. Neither the T158A nor T161A mutation had a significant effect on a-p-Thr reactivity, indicating that both sites are potential targets of autophosphorylation (Fig. 4B ). This was confirmed by analysis of the double substitution mutant, which displayed a complete lack of autophosphorylation. Importantly, expression levels of the protein did not account for this observation. Function mirrored autophosphorylation; only the non-phosphorylated T158A/T161A PpkA mutant was incapable of complementing Hcp1 secretion and Fha1 phosphorylation. These data strongly suggest that autophosphorylation of PpkA is critical for H1-T6SS activation (Fig. 4B) .
In the absence of a known physiological ligand for PpkA, we turned to an artificial means for probing its mechanism of activation. We constructed a fusion of the C-terminus of PpkA to F v (PpkA-Fv), an FK506 binding protein mutant, which homodimerizes in the presence of the rapamycin derivative AP20187 (Fig. 4C) (Amara et al., 1997; Yang et al., 2000) . This system has been extensively used as a tool for achieving artificial inducible activation of kinases (Spencer et al., 1993; Muthuswamy et al., 1999; Greenstein et al., 2007) , although to our knowledge it has never been applied to the study of a prokaryotic kinase in vivo. In these studies we avoided using either the retS or pppA mutations. In the absence of these mutations and an activation cue, PpkA levels are not sufficient to induce Hcp1 secretion (Mougous et al., 2007) . We introduced the PpkA-F v fusion expression construct and control constructs into DppkA hcp1-V. As shown in Fig. 4D , AP20187 induced Hcp1 secretion in cells expressing PpkA-Fv, but the compound had no observable effect on cells expressing wild-type PpkA. Western blot analysis of the cellular fraction of these samples indicated that the effects of AP20187 on Hcp1 secretion were not caused by increased expression of Hcp1 or PpkA-Fv (Fig. 4D) . Interestingly, PpkA-Fv levels were significantly lower than wild-type PpkA, further underscoring the extent of stimulation achieved by dimerization. These data suggest that PpkA activation under physiological conditions could be achieved by ligand recognition-induced dimerization followed by autophosphorylation. Due to the technical difficulty of detecting low levels of p-PpkA in the wild-type background, a direct in vivo link between PpkA dimerization and autophosphorylation has so far not been achieved.
Identification of TagR -a potentiator of PpkA activation
The signalling activity of eukaryotic transmembrane receptors and kinases can be affected by ligand recogni-T6S activation determinants 1117 tion; however, it can also be modulated by proteins that act as ligand co-receptors, or as inhibitors or potentiators of subsequent signalling (Fitzgerald et al., 2004; Ling et al., 2008; Polanska et al., 2008) . Given the presence of a predicted protein-protein interaction motif (VWA) in the extracellular domains of PpkA and our data implicating these domains in ligand recognition, we hypothesized that PpkA signalling could be modulated by other components of the H1-T6SS. To this end, we pursued a bioinformatic approach to survey HSI-I open reading frames (ORFs) for those encoding proteins or protein domains predicted to functionally interact with PpkA. This analysis led to the identification of tagR (type VI secretion associated gene R; PA0071), which encodes a single domain protein (DUF323, e-value = 10 -21
) with closely related domains that are found fused to predicted periplasmic regions of prokaryotic ser/thr transmembrane kinases (see Discussion). Interestingly, tagR is part of a group of closely linked genes within HSI-I that flank ppkA and pppA. Like the ppkA and pppA, these genes are nonconserved components of T6S loci (Fig. 5A) . These findings led us to question whether TagR could influence PpkA signalling.
To investigate the function of TagR, we generated a deletion of tagR in DretS and assayed the effect of this deletion on two indicators of H1-T6SS activity: Hcp1 secretion and Fha1 phosphorylation. The deletion of tagR blocked Hcp1 secretion and significantly decreased Fha1 phosphorylation. Genetic complementation of DtagR via extrachromosomal ectopic expression of tagR fused to a sequence encoding the VSV-G epitope tag (tagR-V) returned Fha1 phosphorylation to approximately parental levels and partially restored Hcp1 secretion (Fig. 5B) . The phenotype of DretS DtagR differed from a DretS strain v e c t o r A D A. Partial multiple sequence alignment of PpkA with several characterized prokaryotic and eukaryotic kinases (PKA, NP_032880; PknB, NP_958950; PrkC, YP_001421154; Pkn1, YP_629724) highlighting conserved autophosphorylated residues, T158 (diamond) and T161 (circle). B. Autophosphorylation of PpkA at two conserved Thr residues is required for Fha1 phosphorylation and Hcp1 secretion. Western blot analyses probing the activity and phosphorylation status of PpkA bearing either single or double alanine substitutions in T158 and T161. The band marked with an asterisk is a documented a-Fha1 cross-reactive species. C. Schematic depiction of the topology of PpkA bearing a C-terminal fusion to Fv (PpkA-Fv) and the dimerization of this protein by AP20187. Intra-dimer autophosphorylation is implied; however, inter-dimer autophosphorylation is also possible. D. PpkA-Fv is specifically activated by AP20187. Where indicated, AP20187 (20 nM) was added to a DppkA strain containing empty vector or vector expressing either ppkA or ppkA-Fv. Western blot analyses of cell and supernatants samples from these strains indicated AP20187-dependent Hcp1 secretion only in PpkA-Fv-expressing cells.
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containing a mutation in tssM1, which encodes a predicted structural component of the H1-T6SS. In DretS DtssM1, a similar Hcp1 secretion defect was observed; however, p-Fha1 levels were not affected (Fig. 5B) . These data are consistent with TagR performing a regulatory, rather than a structural role in the H1-T6S apparatus.
To gain insight into how TagR exerts its effect on H1-T6SS activity, we probed its localization using subcellular fractionation and Western blotting. As fractionation controls, we used RNA polymerase a (RNAP-a), a cytoplasmic protein, and Hcp1, which is localized to the periplasm when the H1-T6SS is not stimulated (Mougous et al., 2007) . This experiment demonstrated specific localization of TagR to the periplasm (Fig. 5C ). In support of these findings, sequence analysis of TagR identified a predicted N-terminal Sec signal in the protein. Of note, secreted TagR was not detected (data not shown).
The localization of TagR and our bioinformatic analysis linking the protein to ser/thr kinases led us to hypothesize that TagR regulates H1-T6S activity by influencing PpkA. Low levels of p-Fha1 in DtagR could reflect a function of TagR in promoting PpkA activation. As shown above, the activation state of PpkA is positively correlated to its autophosphorylation state (Fig. 4B) ; therefore, we investigated whether a deletion in tagR affects p-PpkA levels. As PpkA is under native regulation in this experiment (PpkA alleles were overexpressed for Fig. 4B ), only a faint band corresponding to p-PpkA was visualized in DretS (Fig. 5D) . The additional deletion of pppA significantly improved the p-PpkA signal, thereby allowing us to assess the contribution of TagR. Intriguingly, deletion of tagR in DretS DpppA lowered levels of p-PpkA to approximately those found in DretS (Fig. 5D) . Expression of tagR-V in DpppA DtagR fully complemented the parental
A band corresponding to p-Fha1 was also observed in this experiment. As expected, the abundance of p-Fha1 mirrored that of p-PpkA in the various genetic backgrounds (Fig. 5D ). These data suggest that TagR is required for efficient PpkA autophosphorylation. We reasoned that if TagR promotes HSI-I functionality by facilitating PpkA activation, then artificial activation of PpkA by overexpression of the enzyme should reverse the Hcp1 secretion defect of DtagR. On the contrary, PpkA overexpression in a strain lacking a H1-T6S structural component such as TssM1, should not complement Hcp1 secretion. To test this, PpkA levels were increased by introduction of a plasmid ectopically expressing the enzyme in DretS strains containing tagR and tssM1 deletions. PpkA expression fully complemented Hcp1 secretion in the DtagR background, yet it has no effect on Hcp1 secretion in the DtssM1 background (Fig. 5E) . These results indicate that TagR functions upstream of PpkA. TagR could function independently of PpkA, or it could act in conjunction with the C-terminal domains of the kinase to efficiently recognize and signal in response to H1-T6SS activation cue(s).
Discussion
This study has significantly broadened our understanding of the mechanism and components of the H1-T6S posttranslational activation pathway. We showed that residues of PpkA extending from the N-terminal kinase domain through the transmembrane segment are essential for Fha1 phosphorylation and H1-T6S activation (Fig. 1) . Interestingly, these domains were also found to be essential for ClpV1 and Fha1 localization to the H1-T6S apparatus (Fig. 2) . Taken together with our earlier findings that phosphorylation of Fha1 by PpkA is not strictly required for localization of either Fha1 or ClpV1 to the apparatus, we postulate that a second function of PpkA is to facilitate docking of Fha1 onto the H1-T6S apparatus. These data imply that this structural role of PpkA supercedes its catalytic role (N281 cannot phosphorylate Fha1); therefore only docked Fha1 is a competent substrate for PpkA. Our ability to observe and isolate a stable protein complex containing Fha1 and ClpV1 -independent of PpkA -that is recruited to the H1-T6S apparatus upon activation further supports this hypothesis (Fig. 3) .
We previously showed that the ATP hydrolytic activity of a single AAA+ domain of ClpV1 is required for Hcp1 secretion (Mougous et al., 2006) . Building on our understanding of the role of this ATPase in T6S function, Bonemann and colleagues demonstrated that TssB (VipA) and TssC (VipB) homologues from V. cholerae spontaneously assemble into a tubule-like structure, which can be disassembled by ClpV in an ATP-dependent manner (Bonemann et al., 2009) . The authors proposed this structure and its remodelling is relevant to T6SS biogenesis. These findings, combined with our observation that Fha1 is constitutively associated with ClpV1 (Fig. 3D) , lead us to propose that T6SS activation via phosphorylation could proceed by p-Fha1 allosteric activation of the ATP hydrolytic activity of ClpV1. Many T6SSs do not appear to utilize a threonine phosphorylation-based posttranslational regulatory system. Some of these, including the system in V. cholerae, nonetheless possess an apparent FHA domain protein (VC_A0112). In these instances, the activity of ClpV may be modulated by other factors, or by the FHA-domain protein responding to other inputs. There are also a multitude of T6SSs that do not encode any elements of the posttranslational regulatory pathway, including the FHA domain protein. It is therefore likely that the FHA domain protein and the posttranslational regulatory pathway are specialized adaptations that allow a given T6SS to respond to relevant stimuli.
By manipulating PpkA oligomerization with a small molecule, we demonstrated that dimerization of the extracellular domains of PpkA can promote activation of the H1-T6SS (Fig. 4C and D) . Autophosphorylation of PpkA upon dimerization is likely key to the T6S activation process, as autophosphorylation-deficient mutants cannot phosphorylate Fha1 and cannot activate the secretion system ( Fig. 4A and B) . To our knowledge, these are the first data providing in vivo evidence that a prokaryotic transmembrane Hanks-type kinase initiates signalling by multimerization. It remains unclear whether PpkA activation is achieved by intra-versus inter-dimer autophosphorylation (Greenstein et al., 2007) .
Guided by the growing list of shared properties of the H1-T6S posttranslational signalling pathway and more complex eukaryotic signalling pathways, we searched for additional factors that could modulate PpkA activity. This search identified TagR, which we found functions upstream of PpkA to promote efficient autophosphorylation of the kinase (Fig. 5) . TagR is a member of the protein family that includes human sulphatase modifying factor SUMF1. Members of this enzyme family catalyse the oxidation of a cysteine residue to formyl glycine in the active site of sulphatases (Cosma et al., 2003; Dierks et al., 2003; Carlson et al., 2008) . Analysis of the sequence of TagR suggests that due to a lack of conserved catalytic residues, this protein is unlikely to perform this function in the H1-T6SS (data not shown). In many organisms, including Myxococcus xanthus and Plesiocystis pacifica, TagR-homologous domains are found at the C-termini of large ser/thr protein kinases. Given that TagR contains a Sec signal sequence and it seems to function upstream of PpkA, it is feasible that this protein functions as a co-receptor for the H1-T6S activation signal.
The genes encoding PpkA, PppA and TagR are found in a cluster of genes that are not well conserved in other T6S loci (Fig. 5A, tag genes) . It is tempting to speculate that the products of these uncharacterized genes also participate in posttranslational regulation of the H1-T6SS. Indeed, apparent orthologues of one of these genes, tagF, are translationally fused to apparent PppA orthologues in several T6S loci (Bingle et al., 2008) . It is conceivable that TagF and TagF-like domains fused to phosphatases receive inputs that modulate the activity or specificity of their cognate phosphatases. This is well precedented, and even the norm for certain families of eukaryotic phosphatases (Moorhead et al., 2009) . Two other genes in this cluster, tagS and tagT, appear to encode the minimal subunits of a functioning Lol-like lipoprotein transport/sorting system (56% and 40% identity with P. aeruginosa LolE and D respectively) (Narita and Tokuda, 2006) . The housekeeping copy of this system is essential in E. coli, where it uses ATP hydrolysis to sort lipoproteins destined for the outer membrane (Narita et al., 2004) . TagS and TagT could be specialized to ensure the transport of a T6-specific lipoprotein. The importance of outer-membrane lipoprotein transport for T6S was recently demonstrated in entero-aggregative E. coli (Aschtgen et al., 2008) , and HSI-I encodes at least two predicted lipoproteins (TagQ and TssJ1). T6S lipoproteins may serve a variety of roles, ranging from solely structural functions to mediating specific interactions with host cells.
Our current study of the posttranslational regulatory system that governs P. aeruginosa H1-T6SS activation has facilitated a number of insights into the mechanism, and functional and structural interactions of the system. By combining these data with our previous observations and the recent findings of others in the field, we have constructed a revised model for activation of the secretion apparatus (Fig. 6) . Future investigations of posttranslational regulation of T6S in a broad host of organisms should lead to a greater mechanistic understanding of the many reported functions of this system. Organization of the model is based on our current and previous work (Mougous et al., 2006; Ballister et al., 2008) , and recent reports from several other laboratories (Cascales, 2008; Filloux et al., 2008; Pukatzki et al., 2009) . Most notably are the structure-function relationship of Hcp1 and VgrG (note -a secreted VgrG homologue has not been identified in Pseudomonas aeruginosa) to the T4 bacteriophage tail spike (Filloux, 2009; Leiman et al., 2009; Pell et al., 2009) , the presence of the TssJ lipoprotein in the outer membrane (Aschtgen et al., 2008) , and the remodelling of TssB/C oligomers by ClpV1 (Bonemann et al., 2009) . The role of ClpV1 in system assembly and/or substrate translocation remains undetermined. Owing to a lack of published experimental data, we were unable to place several T6S proteins (grey boxes). The oligomeric state of TagF is based on the unpublished crystal structure of the protein (PDB entry 2QNU). TagS and TagT are configured in a manner consistent with their strong homology to the Lol lipoprotein ABC transport system (Narita and Tokuda, 2006) . Sites of phosphorylation are represented by yellow spheres. The star represents a proposed signal that initiates the activation of the secretion system.
Experimental procedures
Bacterial strains, plasmids and growth conditions
The P. aeruginosa strains used in this study were derived from the sequenced strain PAO1 (Stover et al., 2000) . P. aeruginosa were grown on Luria-Bertani (LB) medium at 37°C supplemented with 30 mg ml -1 gentamicin, 25 mg ml
irgasan, 5% w/v sucrose and 0.5 mM IPTG as required. E. coli SM10, used for conjugation with P. aeruginosa, was grown in LB medium containing 10 mg ml -1 gentamicin. Plasmids pPSV35 and pEXG2, used for inducible expression and gene deletion construction, respectively, have been reported previously (Rietsch et al., 2005) . Plasmid pPSV35CV, also used for inducible expression (PpkA, PpkA truncations, PpkA autophosphorylation mutants) and complementation (TagR), was constructed by inserting a sequence encoding the VSV-G epitope into the XbaI site of pPSV35 using an oligonucleotide linker encoded by forward reading 5′ -CTAGATATACAGATATTGAAATGAATAGATTAGGAAAAT GAG and reverse reading 5′-CTAGCTCATTTTCCTAAT CTATTCATTTCAATATCTGTATAT. Unless otherwise stated, the full-length ORF and native ribosome binding site were inserted in-frame with the XbaI site of this plasmid, thereby encoding a Ser-Arg linker before the VSV-G epitope. Expression was verified by a-VSV-G Western blotting. Mutagenesis was performed using the quikChange site-directed mutagenesis kit (Stratagene) following the instructions provided by the manufacturer. All mutations were verified by DNA sequencing.
Construction of P. aeruginosa chromosomal mutations
All deletions were in-frame and were constructed by allelic replacement using pEXG2. Deleted alleles were generated from PCR-amplified sequences flanking the gene of interest using splicing by overlap extension (Horton et al., 1993) as described previously (Mougous et al., 2006) . TagS and tagR overlap by eight nucleotides; therefore, the deletion of tagR includes only codons 22 through the penultimate codon so as to avoid disrupting the function of the protein encoded by tagS. The resulting plasmids were transformed into E. coli SM10 and conjugated into appropriate strains. Homologous recombinants were selected as described by Ferrandez et al. (2002) . Mutant candidates were screened by PCR. Strains containing chromosomal fluorescent fusions to gfp and mCherry were generated by allelic replacement. The construction of clpV1-gfp was described previously (Mougous et al., 2006) . To generate fha1-mCherry, a sequence encoding a short linker (Ser-Arg-Ala3) followed by mCherry (Shaner et al., 2004) was inserted after the penultimate codon of fha1, thus recapitulating our prior fusion of Fha1 to this protein (Mougous et al., 2007) .
Preparation of proteins and Western blotting
Overnight cultures of strains used for Western blots were back-diluted into 2 ml LB (1:1000) with appropriate additives. The samples were grown at 37°C with shaking and harvested by centrifugation (10 000 r.p.m. for 3 min) at mid-log phase.
The cell pellets were resuspended in 100 ml of a buffer containing 0.5 M NaCl, 50 mM Tris 7.5 and 10% Glycerol, and mixed 1:2 with SDS-PAGE sample loading buffer. To collect extracellular proteins, 1.4 ml of the supernatant from each sample was taken from the initial centrifugation step and subjected to a second centrifugation step in order to further remove contaminating bacterial cells. Trichloroacetic acid (100% w/v) was added to the supernatant at a final concentration of 10% and centrifuged at 4°C for 30 min at 13 500 r.p.m. The protein pellets were washed once with acetone and resuspended in 20 ml 2¥ SDS-PAGE loading buffer. Western blotting was carried out as described previously (Mougous et al., 2006) . For anti-phosphothreonine Western blotting, 3% BSA in Tris-buffered saline containing 0.05% Tween 20 was used for blocking and the primary antibody was used at a 1:200 dilution (Zymed Laboratories). a-CBP was obtained from Millipore.
Subcellular fractionation
A 2 ml culture was grown at 37°C with aeration in LB supplemented with IPTG (0.25 mM) to an OD600 of 1.0. The sample was centrifuged (6000 r.p.m. for 3 min) and the supernatant was processed as described above. The periplasmic fraction was isolated using PeriPreps TM , as described by the manufacturer (Epicentre Biotechnologies).
Tandem affinity purification
Cells were grown at 37°C with aeration in 50 ml of LB supplemented with carbenicillin (300 mg ml -1 ), gentamicin (30 mg ml -1 ) and IPTG (0.5 mM) in 250 ml flasks to an OD600 of 1.0. Cells were harvested by centrifugation at 4°C and TAP was then performed essentially as described by Rietsch et al. (2005) and Puig et al. (2001) . Minor differences with this protocol were the addition of lysozyme (1 mg ml -1 ) and Triton X-100 (1% v/v) to Buffer 1 (TAP lysis buffer).
Fluorescence microscopy and statistical analysis
Strains were grown in a similar manner as described for Western blotting. Identically prepared mid-log phase cultures were harvested by gentle centrifugation, washed with phosphate-buffered saline, and resuspended to an optical density (600 nm) of 5 with PBS containing 0.5 mM TMA-DPH (Molecular Probes). Three microlitres of the cell suspension was spotted on the surface of agarose pads (1.0% agarose PBS). Images were acquired with a Nicon 80i microscope equipped with 100¥ PlanApochromat objective (numerical aperture, 1.4), and were recorded with a CoolSnap HQ camera (Photometrics). The imaging system was operated with Metamorph 6.3r2 software. Filter sets were purchased from Chroma Technology Corp. All images that were compared with each other were manipulated (brightness and contrast adjustments and resizing of files) identically. For statistical analysis of foci, cells were chosen (69 Յ n Յ 466) and counted in a blinded fashion from three randomly selected phase contrast fields. Foci in the selected cells were then enumerated using GFP and/or mCherry images. Statistical significance was assessed using the unpaired Student's t-test. For fluorescence intensity measurements, phasecontrast images were again used as a reference point to select well-isolated single cells (n = 30) within three microscopic fields. Fluorescence images were then analysed using Metamorph software to record maximal pixel brightness in foci-positive cells.
FKBP homodimerization
To generate PpkA-Fv, the sequence encoding Fv (FKBPPhe36Val) was amplified from plasmid pC4-Fv1E (from ARGENT Homodomerization Kit) and inserted after the VSV-G coding sequence in pPSV35CV-ppkA. Overnight cultures were diluted 1:1000 into 2 ml LB medium containing gentamicin, IPTG (200 mM) and AP20187 (20 nM) where indicated. Cultures were incubated with shaking and harvested in log phase at equivalent optical density. Cellular and extracellular fractions were prepared and Western blotting was performed as described above.
